Acute promyelocytic leukemia (APL) is caused by translocation of nuclear receptor retinoic acid receptor alpha (RAR␣) to one of five partner genes (50). This leads to disruption of the normal activity of both genes targeted by the translocation and to the expression of two new chimeric proteins with additional effects on those regulatory pathways. The transcription factor PLZF is fused to RAR␣ in t(11;17) APL. Notable features of PLZF are the BTB/POZ repression and multimerization domain, a second region (RD2) responsible for transcriptional repression, and the nine zinc fingers that create the DNA binding domain. The translocation observed in APL results in replacement of the activation domain of RAR␣ with the repressive BTB/POZ domain of PLZF, creating the repressive nuclear receptor PLZF-RAR␣. The reciprocal fusion protein RAR␣-PLZF is formed by fusing seven of nine zinc fingers of PLZF to the RAR␣ N-terminal activation domain (9). We previously showed that elucidation of the normal function of PLZF has led to a deeper understanding of how RAR␣ fusion proteins function in leukemogenesis. The integrity of the BTB domain is responsible for dimerization of PLZF, correct nuclear localization, and part of the transcriptional function of PLZF (48). PLZF physically interacts with SMRT, mSin3a, and HDAC-1 through this domain, recruiting a repression complex to PLZF-bound promoters and shutting down the transcription of those genes (reference 76 and references therein). The exact nature of the DNA-protein complex that forms around PLZF, and the changes in chromatin configuration that occur during the silencing of transcription, is still under investigation. ETO, another corepressor, binds PLZF through the second repression domain and contributes further to the repression of transcription induced by PLZF expression (51).
Acute promyelocytic leukemia (APL) is caused by translocation of nuclear receptor retinoic acid receptor alpha (RAR␣) to one of five partner genes (50) . This leads to disruption of the normal activity of both genes targeted by the translocation and to the expression of two new chimeric proteins with additional effects on those regulatory pathways. The transcription factor PLZF is fused to RAR␣ in t(11;17) APL. Notable features of PLZF are the BTB/POZ repression and multimerization domain, a second region (RD2) responsible for transcriptional repression, and the nine zinc fingers that create the DNA binding domain. The translocation observed in APL results in replacement of the activation domain of RAR␣ with the repressive BTB/POZ domain of PLZF, creating the repressive nuclear receptor PLZF-RAR␣. The reciprocal fusion protein RAR␣-PLZF is formed by fusing seven of nine zinc fingers of PLZF to the RAR␣ N-terminal activation domain (9) . We previously showed that elucidation of the normal function of PLZF has led to a deeper understanding of how RAR␣ fusion proteins function in leukemogenesis. The integrity of the BTB domain is responsible for dimerization of PLZF, correct nuclear localization, and part of the transcriptional function of PLZF (48) . PLZF physically interacts with SMRT, mSin3a, and HDAC-1 through this domain, recruiting a repression complex to PLZF-bound promoters and shutting down the transcription of those genes (reference 76 and references therein). The exact nature of the DNA-protein complex that forms around PLZF, and the changes in chromatin configuration that occur during the silencing of transcription, is still under investigation. ETO, another corepressor, binds PLZF through the second repression domain and contributes further to the repression of transcription induced by PLZF expression (51) .
PLZF-mediated transcriptional repression is associated with suppression of cellular proliferation. PLZF expression declines during differentiation of HL-60 and NB4 cells (9) . In a variety of cell models, continued PLZF expression was associated with cell cycle arrest in G 1 and eventual apoptosis (65, 71, 75) . PLZF can also alter myeloid differentiation before induction of apoptosis. In 32D cells, constitutive PLZF blocked differentiation induced by granulocyte colony-stimulating factor and granulocyte-macrophage colony-stimulating factor, while in a U937 cell system, PLZF blocked vitamin D 3 -induced monocytic differentiation (71) . A few target genes regulated by PLZF have been identified-the cell cycle protein cyclin A2 was directly reduced by expression of PLZF (75) , and levels of the interleukin-3R␣ (IL-3R␣) chain may also be repressed (J. D. Licht, unpublished data). To pursue the pathways and mechanisms by which PLZF alters cell differentiation and death, we used an inducible expression system and a series of high-density cDNA microarrays to identify both direct target genes and the downstream effectors of PLZF.
One of the most strikingly regulated genes identified in this study was the proto-oncogene c-myc. c-myc is central to the control of proliferation, apoptosis, and differentiation decisions in the cell. c-myc is commonly activated in human and animal tumors and has been shown to have multiple effects on cell behavior (12, 16, 17) . Regulation of both the activity and drawal. mRNA was harvested with a Fast-Track mRNA extraction kit (Invitrogen). For each experiment, fluorescent cDNA probes were prepared by reverse transcription of mRNAs with Cy3-dUTP and Cy5-dUTP (NEN Life Sciences, Beverly, Mass.) for PLZF and control samples, respectively. Labeled cDNAs were incubated overnight onto Lymphochip microarrays (2a) . Fluorescent images of hybridized microarrays were obtained with a GenePix 4000A microarray scanner (Axon Instruments, Foster City, Calif.). Images were analyzed with GenePixPro3.0 (Axon Instruments), and single spots or areas of the array with obvious blemishes were flagged and excluded from subsequent analyses. Fluorescence ratios were stored in a custom database, and normalized data were extracted from this database for further analysis. Array data were filtered by selecting genes that presented data on at least 75% of the arrays and had a spot diameter of 25 m and a signal of 200 in each channel or 1,000 in one channel and some baseline signal in the other channel. In many cases, the values shown are averages of several representations of one gene on the arrays. Genes are listed by the names most commonly used in the literature or, when they are ambiguous, based on Human Genome Organization-approved gene symbols. The cDNA clones on the Lymphochip microarray are available from Research Genetics. For the Affymetrix array, 10 7 cells were withdrawn from tetracycline and three independent samples were taken at 24 and 48 h. RNA was made with the Qiagen RNeasy Kit and biotinylated with an Ambion MessageAmp kit (Ambion, Austin, Tex.) in one round of amplification. Each biotinylated cRNA was hybridized to Affymetrix (Santa Clara, Calif.) TestArray3 chips to verify the quality of the labeled probe and then to a single Affymetrix HG_U95Av2 chip, resulting in a biological triplicate. The 0-h specimen was made into RNA and labeled once. It was then hybridized to three HG_U95Av2 chips as an experimental triplicate. We used the Silicon Genetics (Redwood City, Calif.) CrossGene error model based on replicates. The values for each time point were normalized such that values below 0 were set to 0. Each measurement was divided by the 50.0th percentile of all measurements in that sample. Specific samples were normalized to one another such that samples 1 to 9 were normalized against the median of control samples 1 to 3. Each measurement for each gene in those specific samples was divided by the median of that gene's measurements in the corresponding control samples.
Northern blot analysis. mRNA was isolated from PLZF45 and Neo1 cells induced by withdrawal of tetracycline for the corresponding time points, and 20 g of each mRNA was electrophoresed in a 1% denaturing formaldehyde gel. RNA was transferred to Hybond N membrane (Amersham, Piscataway, N.J.). After fixation and prehybridization, the membrane was incubated overnight with a 414-bp PstI fragment of the pCGN-myc plasmid (kindly provided by Z. Ronai, Mount Sinai School of Medicine) labeled with [␣-
32 P]dCTP with the RediPrime II kit and protocol (Amersham). The blot was then washed three times for 15 min each time at 42°C in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS) and once for 30 min at 65°C in 0.2ϫ SSC-0.1% SDS. Signal was detected by phosphorimager (Amersham). The blot was stripped and reprobed with a human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) restriction fragment by the same protocol.
Western blotting. Cells were lysed in 1% Triton X-100-140 mM NaCl-10 mM Tris (pH 8), and the lysates were denatured by being boiled in an equal volume of 2ϫ SDS buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.25 M Tris [pH 6.9], 0.01% bromophenol blue). Proteins were separated by SDS-10% polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membrane (Millipore, Bedford, Mass.) in 25 mM Tris-192 mM glycine buffer. The membrane was blocked in PBS-5% skim milk powder overnight. Incubation of the membrane with the primary antibody was carried out at room temperature for 1 h in PBS-0.5% skim milk, membranes was washed three times for 5 min each time in PBS, and the appropriate horseradish peroxidase-conjugated secondary antibody was added to PBS at the concentration recommended by the manufacturer (Chemicon, Temecula, Calif.). The horseradish peroxidase conjugate was detected by chemiluminescence with an ECL kit (Amersham) and autofluorography.
Quantitative real-time PCR. RNA was extracted either from 1 ϫ 10 6 PLZF cells at different times after tetracycline withdrawal or from 1 ϫ 10 5 to 5 ϫ 10 5 green fluorescent protein (GFP)-positive cells purified by flow cytometry, and cDNA was produced with oligo(dT) primers and Superscript II reverse transcriptase (Invitrogen). PCR was carried out with either an Applied Biosystems 7700 Prism real-time PCR machine and the manufacturer's SYBR green kit and directions (Applied Biosystems, Foster City, Calif.) or with an Opticon DNA Engine (MJ Research) and a SYBR green master mix kit (Qiagen). The sequences of the primers used are listed in Table 1 . The threshold cycle (Ct) value for the "ϩtet" sample was taken as baseline expression, and ⌬Ct, the difference between the ϩtet Ct and the Ct obtained after manipulation, was calculated for each PCR. A positive ⌬Ct value represented an increase, and a negative ⌬Ct 9376 MCCONNELL ET AL. MOL. CELL. BIOL.
value represented a decrease, over the baseline. The ⌬Ct for each transcript was expressed relative to the ⌬Ct for GAPDH in each induction. Electrophoretic mobility shift analysis. Complementary oligonucleotide probes were annealed, the overhanging ends of the double-stranded oligonucleotides were extended with Klenow and [␣-32 P]dCTP, and then the oligonucleotide probes were purified by spin chromatography. Ten femtomoles of probe, corresponding to 50,000 cpm, was used in each binding reaction. Binding reactions were carried out in a volume of 10 l. The probe was mixed with 3 g of PLZF45 nuclear extract in 20 mM HEPES (pH 7.5)-1 mM MgCl 2 -10 M ZnCl 2 -4% glycerol-100 g of BSA per ml-50 ng sonicated salmon sperm DNA. Reaction mixtures were incubated on ice for 20 min, and then, depending on the experiment, either antibody or unlabeled double-stranded oligonucleotides were added and the mixture was incubated for a further 20 min. DNA loading dye was added, and samples were electrophoretically separated through a 0.5ϫ Trisborate-EDTA-nondenaturing polyacrylamide gel before autoradiography. The sequences of the probes used are listed in Table 1 .
ChIP. The antibodies used for chromatin immunoprecipitation (ChIP) were against PLZF (Calbiochem, San Diego, Calif.), FLAG M2 (Sigma), the large subunit of RNA polymerase II (Santa Cruz, Calif.), and normal rabbit immunoglobulin G (Zymed, San Francisco, Calif.). For each immunoprecipitation, 10 7 cells were fixed in 1% formaldehyde at 37°C for 10 min and quenched in 0.125 M glycine for 5 min at room temperature. Cells were washed twice in PBS containing Complete protease inhibitor (Roche) and lysed in 1.0 ml of lysis buffer (140 mM NaCl, 10 mM Tris [pH 8], 1% NP-40). Lysates were sonicated to break DNA into fragments of less than 1 kb and centrifuged at 14,000 rpm in an Eppendorf microcentrifuge for 10 min. Lysis buffer was added to a final volume of 1.5 ml, and supernatants were precleared for 45 to 60 min with protein A-agarose beads and 0.4 g of salmon sperm DNA (Upstate Biotechnology, Lake Placid, N.Y.) per l. After brief centrifugation, supernatant was removed and incubated with 1 g of the precipitating antibody overnight at 4°C. Protein A-salmon sperm DNA was added, and the immune complex was collected for 1 h at 4°C. Complexes were washed for 5 min each in low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 3 , and the two eluates were combined. A 20-l volume of 5 M NaCl was added, and eluates were incubated at 65°C overnight to reverse the cross-links. DNA was recovered by phenol-chloroform extraction and ethanol precipitation and then used in a PCR. The sequences of the primers used for the PCR are given in Table 1 .
Reporter assays. Reporter and effector plasmids were used in a 1:4 ratio, with 10 ng of Renilla luciferase included as an internal control for every microgram of plasmid DNA. 293T cells were transfected with Superfect (Qiagen) as described above. Transfected cells were harvested at 42 to 45 h posttransfection, and lysates were assayed for luciferase activity with a Dual Luciferase kit (Promega, Madison, Wis.) as recommended by the manufacturer. Raw values obtained from each experimental, performed in triplicate, were normalized to the Renilla value for each replicate. The standard error of the mean for each triplicate represents the error for each experiment.
BrdU labeling and GFP detection. Electroporated cells were labeled by addition of 10 mM bromodeoxyuridine (BrdU) to the culture medium and incubation for 30 min. Cells were washed in PBS-1%BSA and fixed in 2% paraformaldehyde for 30 min at 4°C. After being washed in PBS-1% BSA, cells were permeabilized in 0.1% Triton X-100-PBS on ice for 2 min. After being washed in PBS-1% BSA, cells were resuspended in 1 ml of PBS (with CaCl 2 and MgCl 2 ) and 50 U of DNase I and incubated for 30 min at 37°C. Cells were resuspended in 100 l of PBS, and the BrdU was labeled with 5 l of Phoenix-Red-conjugated anti-BrdU monoclonal antibody (Phoenix Flow Systems, San Diego, Calif.). GFP positivity was measured by flow cytometry. GFP-positive cells were gated, and the proportion of BrdU-positive cells within the GFP-positive population was assessed.
RESULTS

PLZF expression induces cell cycle arrest and apoptosis.
Constitutive expression of the transcriptional repressor PLZF results in rapid cell death, so we used a tetracycline-regulated U937 cell line to examine the effect of PLZF expression on cell growth and survival. Medium containing tetracycline prevented the expression of PLZF, while 12 h after withdrawal of tetracycline, PLZF protein could be detected by Western blotting (Fig. 1A) . Expression was sustained until the point at which cellular proliferation (Fig. 1B) decreased significantly, approximately 96 to 120 h after tetracycline withdrawal. No distinguishable differences were observed in proliferation be- tween parental U937 cells, a neomycin-resistant cell line that did not express PLZF (Neo1), and the PLZF45 line grown in the presence of tetracycline (data not shown). The effect of PLZF on cell cycle progression was also examined ( Table 2 ). Up to 48 h after tetracycline withdrawal, there was no significant change in the proportion of cells in each phase of the cycle. However, at 48 h, there was a 50% decrease in the number of cells in G 2 /M and a simultaneous increase in the numbers of cells in both the G 1 and sub-G 1 populations. The accumulation of cells in G 1 continued with further PLZF expression and was accompanied by an increasing sub-G 1 apoptotic population. Five days after tetracycline withdrawal, more than 60% of the cells were sub-G 1 and apoptotic, correlating with the block in proliferation. The apoptotic phenotype was confirmed by annexin V staining, by which early apoptosis was identified by annexin V positivity and exclusion of PI (Fig.  1C ). PLZF45 cells grown in tetracycline had a basal level of apoptosis of approximately 5%, while expression of PLZF for 4 days induced annexin V positivity above the background. By day 6 postinduction, the percentage of cells in early apoptosis had reached 40%, consistent with a sub-G 1 population of greater than 60%. PLZF expression suppressed c-myc expression. In order to understand what role PLZF played in G 1 arrest and the subsequent apoptosis we observed, we used the inducible PLZF expression system to query Lymphochip, a collection of hematopoietic derived cDNA sequences arrayed on glass slides (2). This microarray was chosen to look primarily at the hematopoietic aspects of PLZF function. To this end, mRNA was collected from PLZF45 and Neo1 control cells at the time of induction and at 12, 24, and 48 h after induction. For samples at each time point, the PLZF45 mRNA was labeled with Cy3-dUTP, the Neo1 mRNA was labeled with Cy5-dUTP. Each matched mRNA set was hybridized to Lymphochip, and the relative expression profile was determined. We set a criterion of a 2.5-fold or greater change in gene expression, either induced or repressed, after PLZF induction. PLZF was represented on the array, and the increase in PLZF transcript at 12 h post tetracycline withdrawal was determined to be 4.5-fold, increasing to 7-fold at 48 h ( Fig. 2A , part 1 [from the left]). Of the approximately 6,000 sequences represented on the array, there were 75 genes whose expression was significantly altered by PLZF expression, either positively or negatively. We further examined the subset with a significant change at 12 h, under the assumption that the direct changes would be the earliest to occur. Of this group, the most striking member was c-myc, whose expression had already decreased by 50% by 12 h after PLZF induction. By 48 h of PLZF expression, c-myc expression had decreased to 15% of the signal from the control cell line ( Fig. 2A, part 2 ). Down-regulation of myc was accompanied by a decrease in several genes known to be up-regulated by myc, i.e., those for ODC, rcl, and APEX (parts 3 to 5).
In order to examine this phenomenon more closely, we used the c-myc target gene database (http://www.myc-cancer-gene .org/site/mycTargetDB.asp) to query the PLZF expression profiles generated from the Lymphochip analysis. This analysis showed that a substantial proportion (20 [ϳ27%] of 75) of the genes significantly regulated in response to PLZF had been previously described as responsive to c-myc (Table 3 ). All of the genes repressed by PLZF were scored as activated by c-myc, while the genes activated in response to PLZF were repressed by c-myc, with only one exception. This reinforced the identification of c-myc as a PLZF target gene and suggested that regulation of c-myc may be a major axis of PLZF function.
PLZF is expressed throughout development and in adult nonhematopoietic tissues (4, 14, 59) . To extend the correlation system. Confirming the Lymphochip analysis, we saw a profound reduction in c-myc expression, from 100% to 14%, at 24 h after PLZF induction. As described above, we used the c-myc target gene database to query the PLZF gene profiles. There were 244 genes altered by PLZF 2.5-fold or more in either direction. Of these, 52 (21%) were c-myc target genes. Of these 52 c-myc target genes, 45 (ϳ87%) were regulated concordantly with our hypothesis that PLZF results in reversal of c-myc action by reduction of c-myc transcription ( Table 4) . As in the Lymphochip analysis, genes repressed by PLZF almost completely correlated, with 29 (ϳ97%) of the 30 genes repressed by PLZF known to be activated by c-myc, while 16 (ϳ73%) of the 22 genes activated in response to PLZF were repressed by c-myc. Eight of the 20 c-myc target genes from the PLZF Lymphochip array were present in the c-myc target list from the PLZF Affymetrix array (those that encode FABP5, NME1, PHB, PAICS, DUSP6, KIAA0053, CCND3, and CDKN1A), and all of these were regulated in the same pattern in both systems. The reduction in the c-myc transcript level upon PLZF expression was confirmed by Northern blot analysis (Fig. 2B) . As seen in both microarray experiments, within 12 h of PLZF induction, c-myc expression was substantially reduced; by 24 h, it was below the level of detection by Northern blot assay. In contrast, the APL-associated fusion protein RAR␣-PLZF did not reduce c-myc transcript levels, consistent with the loss of the PLZF repression domain in this fusion protein. The decrease in c-myc transcript levels was also not seen in the control cell line Neo1.
PLZF physically interacts with the c-myc promoter. We next demonstrated direct regulation of the c-myc gene by PLZF. (3, 40) , several potential PLZF DNA recognition sequences are located within a 2.5-kb region upstream of the major P2 promoter (Fig. 3A) . Each one of these was examined for the ability to interact with PLZF in vitro. Electrophoretic mobility shift assays (EMSAs) were carried out with nuclear extracts made from PLZF45 cells grown in the presence of tetracycline (ϪPLZF) or after 24 h of tetracycline withdrawal (ϩPLZF).
The same results were seen with PLZF from transfected 293T cells and HEL cells expressing endogenous PLZF (data not shown). The PLZF binding site identified in the IL-3R␣ promoter (3) or Site2 (present study) was used as a positive control for PLZF binding. As shown in Fig. 3B (Fig. 3B, lanes 32 through 35) , nor did two smaller restriction fragments of these promoter sequences (data not shown). Thus, there appears to be a single site for direct interaction with PLZF in the c-myc upstream regulatory region.
To confirm the specificity of the interaction between Site2 and PLZF, we carried out a mutational analysis. The fourth base in the PLZF response element in Site2 was changed from C to A, completely abolishing the PLZF interaction (Fig. 3C) . The specificity of the PLZF interaction was further confirmed by competition assays with increasing doses of unlabeled Site2 (interacting) and Site3 (noninteracting) oligonucleotides (Fig.  3D) . We next determined whether PLZF was recruited to the endogenous c-myc promoter coincident with the induction of transcriptional repression. Chromatin was immunoprecipitated from cells with no PLZF expression, or from cells at different time points after withdrawal of tetracycline, with either anti-PLZF monoclonal antibody 2A9 or the unrelated FLAG M2 monoclonal antibody. The precipitated chromatin was queried by PCR with primers to a region of the c-myc promoter. Directly correlating with the microarray and Northern data, PLZF could be found on the c-myc promoter as early as 12 h after withdrawal of tetracycline (Fig. 4A) . The rest of the ChIP experiments were carried out at 24 h postinduction, when PLZF expression was high and the c-myc transcript level was clearly decreased. To determine the point at which PLZF interrupted c-myc expression, ChIP was performed with an antibody to the RNA polymerase II large subunit. Consistent with the transcript decrease associated with PLZF expression, the amount of RNA polymerase II associated with the c-myc promoter also decreased with PLZF expression, demonstrating that the effect of PLZF on the c-myc mRNA level was at the level of initiation of c-myc transcription (Fig. 4B) . As a positive control, we examined the promoter of the other gene described as a direct target for PLZF, that which encodes cyclin A2 (75) , and found that PLZF associated with this gene in vivo (Fig.  4C) . We also examined the gene for Bcl6, which was not (Fig. 4D) , demonstrating the specificity of the interaction of PLZF with regulated sequences.
PLZF repressed the c-myc promoter in vitro.
To extend these findings and to understand the molecular basis of PLZFmediated repression of the c-myc promoter, we used a 2.5-kb fragment of the c-myc promoter, including the in vitro binding site identified in Fig. 3 (cmyc2.5) , in a reporter assay. The data presented here are from 293T cells; similar results (not shown) were obtained with inducible PLZF45 cells. Consistent with changes to the endogenous transcript, expression of pSG5-PLZF suppressed the luciferase activity of cmyc2.5 by an average of 70% (Fig. 5A) . RAR␣-PLZF, which contains the DNA binding domain of PLZF fused to the activation domain of RAR␣, did not suppress promoter activity. Instead, it activated it slightly (if not significantly), as has been previously observed for this fusion protein (40) . This is consistent both with the effect of RAR␣-PLZF on the endogenous myc transcript (Fig. 2B) and with the lack of PLZF repression domains in this fusion protein. Together with the ChIP data from Fig. 4 , this strongly supported the hypothesis that the c-myc upstream regulatory region contains sequences specifying PLZF recruitment, leading to transcriptional repression. We compared PLZF-mediated repression of cmyc2.5 to that of the P2 immediate proximal promoter (cmyc0.14), a region shown not to bind PLZF in vitro. This was only minimally repressed, consistent with the absence of PLZF binding. The same pattern was observed in the inducible PLZF45 cell line, where cmyc2.5 was repressed by PLZF greater than 50% and cmyc0.14 was repressed to a much lesser extent (data not shown).
To assess the contribution of the binding site identified by EMSA to PLZF-mediated repression of c-myc, the site was mutated in a single position critical for in vitro binding (Fig.  3C ). This reduced PLZF repression from 65% on wild-type cmyc2.5 to approximately 25% on cmyc2.5⌬PLZF (Fig. 5B) . This demonstrated that the binding site identified by EMSA was responsible for most of the PLZF-induced repression. The residual 25% repression was the same as the PLZF repression of cmyc0.14, suggesting that PLZF might also interact with the immediate proximal region. C/EBP␣ represses cmyc0.14 indirectly via interaction with E2F (35), so we examined the eight transcription factor binding sites within the proximal region (20) . One of these mutations (hMAZ) reduced the basal activity so much that repression could not be assessed. Of the remaining sites, none of the mutations completely blocked PLZF-mediated repression (Fig. 5C ), indicating that PLZF, unlike C/EBP␣, does not interact with any single factor to prevent activation of the c-myc promoter.
The data presented thus far indicate that PLZF mediates c-myc repression through direct interaction with a single binding site in the c-myc regulatory region, resulting in a decrease in the initiation of transcription.
PLZF repression of c-myc is rapidly reversible. It was recently reported that expression of the APL fusion protein PML-RAR␣ led to silencing of a target gene associated with hypermethylation of the promoter region (19) . Given this, we asked if PLZF-mediated silencing would have a similar epigenetic effect on c-myc expression. The tet-VP16 activator was deactivated by addition of tetracycline back into the culture medium at various time-points, extinguishing PLZF expression. PLZF protein levels were completely undetectable 48 h after readdition of tetracycline, regardless of the length of the previous induction of PLZF expression (Fig. 6A) . This was considered the point at which cells were negative for PLZF expression in subsequent experiments. PLZF, c-myc, and GAPDH transcript levels were analyzed by real-time PCR after PLZF induction and removal. Each PCR product was FIG. 4 . ChIP of PLZF on the c-myc promoter. (A) Lysates were made 12 and 24 h after tetracycline withdrawal as indicated, and chromatin was immunoprecipitated with antibodies to PLZF and FLAG M2 as a nonspecific control or no antibody. This was then purified and used as a template for PCR. PCR was carried out with primers to the c-myc 5Ј regulatory region. Ϫ, no PLZF; ϩ, PLZF expressing; PLZF, anti-PLZF monoclonal antibody; FLAG, anti-FLAG M2 epitope antibody; noAb, no antibody added; input, 10% of the immunoprecipitation input; g, genomic DNA; NTC, no-template control PCR. (B) Lysates from cells induced for 24 h were immunoprecipitated (IP) with either an anti-PLZF monoclonal antibody (PLZF), the RNA polymerase II large subunit (PolII), or preimmune rabbit immunoglobulin G (IgG), and the chromatin was used for PCR of the c-myc 5Ј regulatory region. (C) Lysates from a 24-h induction were immunoprecipitated with either the anti-PLZF monoclonal antibody (PLZF) or the FLAG control, and the purified chromatin was queried with primers to the cyclin A2 promoter. (D) Lysates from a 24-h induction were immunoprecipitated with either anti-PLZF monoclonal antibody 2A9 or a FLAG control, and the purified chromatin was queried with primers to the bcl-6 promoter. The sequences of all of the primers used are listed in Table 1. 9382 MCCONNELL ET AL. MOL. CELL. BIOL.
quantified by determination of the Ct value, and the change in PLZF and c-myc levels (⌬Ct) was determined relative to the change in GAPDH (Fig. 6B) . Amplification by each set of primers was close to 100% efficient (data not shown), so we used x ϭ 2 ⌬Ct to calculate the template concentration. The changes in PLZF mRNA mirrored the changes in the PLZF protein level. Withdrawal of tetracycline increased the PLZF transcript level approximately 30-fold, and replacement of tetracycline brought the message level back to the baseline. As observed by other methods, induction of PLZF led to a significant decrease in c-myc mRNA. Upon removal of PLZF, the c-myc transcript level rose back to the baseline regardless of how long PLZF had been expressed. Even after 72 h of PLZF expression, the point after which viability begins to decline and apoptosis becomes significant, c-myc was reexpressed by tetracycline addition, cells recovered from G 1 arrest and resumed normal proliferation (data not shown). This demonstrated that the effect of PLZF on c-myc was both transient and tightly regulated and implies that no long-term silencing of c-myc occurs by PLZF, epigenetic or otherwise. Whether PLZF might still have an epigenetic role in the regulation of other genes remains to be determined, as does the extent of epigenetic regulation by APL-associated transcription factors.
c-myc overexpression reverses the cell cycle effect of PLZF. PLZF was clearly able to repress c-myc expression by transcriptional repression; therefore, we asked if this repression had any consequences in a cellular context. Continued expression of PLZF results in reduced proliferation, G 1 arrest, an increase in adhesion marker expression, and eventually apoptosis. c-myc expression, in the presence of mitogenic stimulation, increases cell cycling and proliferation and acts to oppose differentiation. To assess the effect of c-myc on the cell cycle effect of PLZF, we created a bicistronic c-mycER:GFP vector with a mutant estrogen receptor (that is only activated in response to tamoxifen [4OHT]) fused to the c-myc coding region (45) . Figure 7A shows a schematic of the construct and that a high level of expression of c-mycER, approximately equivalent to that of endogenous c-myc, was generated from this vector. PLZF45 cells grown in the presence or absence of tetracycline were pulsed with BrdU, and the number of cells in S phase was determined under each condition. Forty percent of PLZF45 cells with no PLZF expression were in S phase at any given time. Expression of PLZF for 4 days halved this to 20%, while addition of 4OHT had no effect on the S phase (Fig. 7B) . We transfected PLZF45 cells with c-mycER:GFP and pulsed them with BrdU to determine the effect of c-myc on this PLZFmediated decline in DNA synthesis (Fig. 7C) . In the absence of PLZF, approximately 50% of the c-myc-expressing (GFP-positive) cells were in S phase, as expected, as observed with nontransfected cells (data not shown). PLZF expression in both vector-transfected and inactive c-mycER cells was associated with a block of the cell cycle, with only 25% of the cells entering S phase, a reduction of about 50%. Strikingly, activation of c-mycER blocked the ability of PLZF to inhibit cell cycle progression, as under these conditions there was only a 10% decrease in S-phase cells. Neither expression nor activation of c-mycER had any paracrine effect on the non-GFPpositive, nontransfected cells (data not shown).
In addition, c-mycER activation by 4OHT reversed the ability of PLZF to repress c-myc target genes. GFP-positive cells FIG. 5 . PLZF represses a c-myc promoter reporter construct. 293T cells were seeded into 24-well dishes and transfected with 100 ng of reporter plasmid and 400 ng of effector plasmid. All luciferase activity is expressed relative to the expression of an internal Renilla luciferase promoter, and each bar represents the combined data from at least three experiments, each in triplicate. (A) The promoter constructs shown on the left, empty pXP2, two fragments of the c-myc promoter cloned into pXP2-full length (cmyc2.5) and 142 bp (cmyc0.14)-a minimal tk promoter (tkluc), or four PLZF binding sites upstream of the minimal tk promoter (PLZF-tkluc), were transfected with either empty expression vector SG5 (white bar), an SG5 vector expressing PLZF (black bar), or RAR␣-PLZF (grey bar). The white boxes represent the c-myc promoter fragments, the grey boxes represent the tk promoter, and the black bars represent PLZF binding sites. The effect of each plasmid on the activity of the promoter fragments is shown on the right. (B) A mutation in the PLZF binding site (black bar) was introduced into the 2.5-kb c-myc construct to create cmyc2.5⌬PLZF (grey bar). The effect of the mutation on PLZF-mediated repression is shown. Repression is expressed relative to the level of activity with the empty SG5 vector, which was normalized to 100%. (C) The effect of PLZF on the series of minimal promoter mutant constructs depicted was expressed relative to the activity of the construct in the presence of the empty vector SG5. White box, c-myc minimal promoter; grey bar, mutation. The grey box represents the tk promoter, and the black bars represent PLZF binding sites.
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on September 8, 2017 by guest http://mcb.asm.org/ were isolated by flow cytometry under each of the conditions described above, and levels of the c-myc target gene hTERT were determined by quantitative real-time PCR. Expression of PLZF was not altered by addition of 4OHT (Fig. 7D, part 1) . PLZF expression led to a 95% decrease in hTERT expression. Activation of c-mycER by 4OHT in the presence of PLZF approximately doubled the hTERT transcript level (Fig. 7D,  part 2) , which was not observed in the vector-transfected, nonmycER-expressing cells (data not shown). From this, we conclude that down-modulation of c-myc expression is a major mechanism by which PLZF controls cell growth.
DISCUSSION
The mechanism by which the transcriptional repressor PLZF alters gene expression has been extensively studied, and our group has focused previously on the function of the BTB/ POZ domain and the role of nuclear corepressors (48, 49, 71) . These studies showed that growth suppression by PLZF is critically linked to transcriptional repression. What has remained poorly understood is the identity of the genes regulated by PLZF relevant to growth control. To date, the only direct targets described have been cyclin A2 (75) and, very recently, HoxD11 (4). The work described here used a cDNA array approach to identify c-myc as a gene directly responsive to PLZF, a finding that was confirmed by both Northern blotting and real-time PCR and shown to occur via transcriptional repression. Modulation of c-myc expression may explain much of the effect of PLZF on the cell cycle and cell growth. Further, we confirmed the direct nature of the interaction between PLZF and the cyclin A2 promoter, another pro-proliferative factor whose repression by PLZF contributes to the cell cycle arrest mediated by PLZF expression.
The Lymphochip analysis showed a 7-fold induction of PLZF on tetracycline withdrawal, whereas both the Affymetrix chip and the quantitative PCR demonstrated 30-fold induction, implying that the cDNA glass slide arrays were less sensitive than the oligonucleotide arrays. However, the same patterns were observed with both array systems, including several of the same genes, suggesting that specificity is not reduced in cDNA arrays. In the Lymphochip analysis, approximately 27% of the B-lymphoid-related genes altered in response to PLZF are, in fact, c-myc target genes. In general, these genes were regulated by PLZF in a manner opposite to the action of c-myc. This suggested that PLZF-mediated reversal of c-myc action is a major mode of action of PLZF in hematopoiesis and growth control. The same pattern was observed with a much larger gene set derived from a nonbiased, predominantly nonoverlapping gene population represented on the Affymetrix U95A_v2 chip. Eighty-seven percent of the c-myc target genes were regulated by PLZF inversely to the action of c-myc, rising to 97% for PLZF-repressed, c-myc-activated genes. The lower correlation for PLZF-activated, c-myc-repressed genes is due to two factors. First, c-myc-activated genes are found more frequently than c-myc-repressed genes and were more highly represented on the array (13, 27, 52, 55, 63, 72) , and second, the mechanism by which c-myc induces repression is not fully understood and may not be direct (12) . Similarly, gene activation by PLZF is very unlikely to be a direct transcriptional effect. c-myc drives proliferation through activation of growth regulators and repression of differentiative genes such as that which encodes the cyclin-dependent kinase inhibitor p21. The identification of these genes and the nature of the regulatory mechanism have been debated for many years, but the use of high-throughput cDNA screening protocols is bringing about consensus on the genes regulated in response to c-myc (13, 27, 52, 55, 63, 72) . A large number of these genes are involved in the nucleic acid and protein metabolism necessary for cell cycle transition. The pro-differentiation genes downregulated by cmyc include those that encode p21, CDC2, and NCAM1, while the c-myc-activated pro-growth genes include those that encode prohibitin, cyclin D3, RAB40B, and TRAP1. We demonstrated that PLZF reduced the expression of these progrowth genes and increased the expression of the cell cycle arrest and differentiation genes, directly impacting cell growth.
A direct interaction was shown between the endogenous c-myc promoter and PLZF, which was correlated to a decrease in RNA polymerase II occupancy of the c-myc promoter upon PLZF expression. This reflects a reduction in the initiation of transcription. This was again correlated to repression of a c-myc promoter construct, which was shown to be largely dependent on a PLZF binding site. Electrophoretic mobility shift analysis indicated the presence of only a single direct binding site for PLZF in the 2.5 kb of upstream c-myc sequences, and mutation of this site significantly reduced the ability of PLZF to repress the 2.5-kb c-myc promoter. The repression of the myc reporter by PLZF was less robust than that of the endogenous c-myc transcript, illustrating the limited ability of a reporter system to necessarily reflect actual promoter activity. However, the reporter assay did indicate the necessity for an intact PLZF binding site for PLZF-mediated repression.
Repression of c-myc by PLZF was rapidly reversible upon removal of PLZF. It was reported that the PML moiety of the PML-RAR␣ fusion protein mediated interaction of the fusion protein with DNA methyltransferases. Expression of the fusion protein led to methylation and partial silencing of a target promoter that could only be reversed by a demethylating agent and not removal of PML-RAR␣ (19) . This clearly was not the case with PLZF repression of c-myc, which was rapidly reversible with the removal of PLZF from the cell. This may be because PLZF does not interact with the DNA-methylating machinery, a possibility that is under further investigation.
Alternatively, c-myc may be too critical a regulator to be completely shut down by one factor. Regulation of c-myc occurs at many different levels, transcriptional, posttranscriptional, and translational, and by many different proteins. The multiple factors positively regulating c-myc promoter architecture and transcription (1, 11, 25, 30, 34, 41, 53, 57, 66, 70) are unlikely to all be overcome by PLZF. Whether PLZF can lead to long-term silencing of the other targets, cyclin A2 and HoxD11, remains to be determined. A decrease in c-myc expression is absolutely necessary for terminal differentiation (reviewed in references 31 and 32). The PLZF-mediated decrease in c-myc expression adds to the body of evidence indicating that despite the induction of apoptosis resulting from overexpression, PLZF has a positive effect on some aspects of blood cell differentiation. Previous work showed that induction of PLZF expression in U937 cells resulted in increased expression of cell surface markers CD11b and CD11c (71), which was confirmed by the array analysis in this study. c-myc expression decreases both the differentiation and the expression of adhesion markers (47) , and the effective removal of c-myc by PLZF could conceivably result in the increased CD11b/CD18 expression observed upon PLZF induction. From the array experiments, we also observed that PLZF increased the levels of the CDK inhibitors p21 and p19, which presumably mediates, in part, the cell cycle arrest induced by PLZF. This could also occur through modulation of c-myc levels, as c-myc has been demonstrated to repress p21 expression (23, 54, 73) . However, expression of p21 can be sufficient to mediate myeloid differentiation in the appropriate background (46) , reflecting the importance of cell cycle withdrawal for differentiation. Another indication that PLZF has a positive role in differentiation comes from megakaryocytes, where PLZF expression is retained throughout differentiation of CD34 ϩ cells into mature megakaryocytes (37) . Whether c-myc expression induces apoptosis or proliferation is dependent on the growth factor status of the cell. In this system, cells were grown in serum and the effect of c-myc expression was a very slight increase in the number of cells in S phase at a given time. In cells without mitogenic stimulation, c-myc expression leads to apoptosis. On the basis of the current assay system, it was impossible to draw any conclusions about the effect of PLZF on c-myc-mediated apoptosis. It is tempting to speculate, given that induction of high levels of apoptosis by PLZF takes several days of continued expression, an initial down-regulation of the proapoptotic function of c-myc would occur upon PLZF expression. This, in turn, suggests that the apoptosis that eventually results from PLZF expression is the result of another process, perhaps associated with an abortive attempt at differentiation.
Our working model of the action of PLZF is as follows. The PLZF target genes described by our group to date, c-myc and that which encodes cyclin A2, both have a positive function in cell cycle progression and proliferation. Repression by PLZF prevents further proliferation and leads to exit from the cell cycle, leaving the cell poised in G 0 . As differentiation occurs down erythroid and myeloid lineages, PLZF expression declines (15, 37) . The cellular environment will also have an impact on cell fate-if lineage-specific factors such as C/EBP␣ and PU.1 are present, differentiation will occur along a particular lineage. PLZF may also alter cell fate by protein-protein interaction-expression in U937 cells blocks differentiation induced by 1,25-dihydroxyvitamin D 3 by preventing the action of the vitamin D 3 receptor (71) .
In light of the fact that PLZF profoundly represses c-myc expression, loss of PLZF can be considered an oncogenic event. We believe that there are three molecular axes to the development of t(11;17) APL. The first is abnormal repression of RAR␣ target genes by PLZF-RAR␣ (22, 33, 36, 38, 44, 50, 56, 58, 60, 67, 68, 76, 77, 78) , the second is loss of PLZF-mediated repression of PLZF target genes, and the third is activation of PLZF target genes by RAR␣-PLZF. As the use of murine models of APL showed, development of the complete phenotype associated with the t(11;17) translocation requires either the expression of both PLZF-RAR␣ and RAR␣-PLZF or PLZF-RAR␣ expression in the absence of PLZF (29) . This implies that loss of normal PLZF repression of a given target, and possibly activation of that target by RAR␣-PLZF, is essential for the cell to escape normal growth controls and become leukemic. The importance of pro-proliferative genes such as c-myc and cyclin A2 as targets of PLZF is underscored by the double-transgenic PLZF-RAR␣/RAR␣-PLZF mice, which exhibit an enhanced rate of DNA synthesis and a decreased apoptosis rate (29) . PLZF Ϫ/Ϫ mice have a similar phenotype, with some developing organ sites showing decreased cell death and increased cell division (4). These findings might be explained by deregulated c-myc and cyclin A2 expression resulting from loss of normal PLZF repression and possibly additional activation of such genes by RAR␣-PLZF. The status of c-myc and cyclin A2 levels in these animals has not yet been reported. However, there is evidence that the c-myc gene dosage is important in human myeloid disease. In t(15;17) APL with PML-RAR␣ translocation, complete or partial trisomy 8 occurs in 50% of the patients who have a chromosomal change in addition to the primary translocation (26, 64) . The pathogenic region has been localized to 8q22ϳqter (69) , which would increase the gene dose of c-myc located at 8q24. Other forms of AML commonly have high rates of trisomy 8 or c-myc amplification as either primary or secondary events (7, 8, 26) . In the absence of 8q abnormalities in t(11;17) APL, one can speculate that loss of PLZF could increase the effective dose of c-myc, hence contributing to leukemogenesis.
Identification of PLZF target genes has been critical to understanding both the role PLZF plays in differentiation and the effect of translocation in APL. The description of c-myc as a target for PLZF repression has greatly enhanced our understanding of the normal function of PLZF and helps to explain why dysregulation of PLZF is so disastrous for the developing cell.
